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Abstract. Using the total electron content data obtaiued by the Ulysses Solar Corona
Joxperiment (SCE) during the first solar conjunction in summer 1991, two data sets were
sclected, one associated with a coronal hole and theother associated with corona) streamer
crossings. in orderto determine corona streamer density profiles, the clectron content of the
tracking passes embedded in a corona] strcamer were corrected for the contributions from
coronal hole densities. The inferred streamer electron density profile has a radial fall-off
exponent of --2.4 for distances greater than 7 solar radii implying the acceleration of the
slow solar wind according tov(r)~ %% Theacceleration terminates beyond 60 solar radii
inagreement with Helios in situ observations. Allradial electron density profiles inferred
from coronal radio sounding observations, particularly duringtimes of high solar activity,
are dominated by coronal streamer contributions. They are applicable to corona] streamers,
confined to alimited latitude range about the heliospheric current sheet and they are not
representative of alarge scale mean coronal electron density profile. A similar analysis of the
corona] hole electron content data was not uncquivocally feasible due toa lad of data. The
coronal hole tracking passes corrected for contributions from coronal streamer areas display
large electron content and density fluctuations. Assuming thatthe lowest densities represent

typical hole densities and comparing these with streamer densities at the same distance, the
streamer-to-hole density ratio is found to be afactor of ten, whit]] agrees with white light

coronagraph results.




Introduction "

The Ulysses Solar Corona FExperiment (SC19) was performed during the first solar

conjunction of the Ulysses spacecraft from 1991 May to September. The corona was sounded
for distances of the proximate point of the radio ray path from about 4-40 solar radii (/i) on
bothsides of the solar limb. A detailed description of SCIE may be found in Birdet a. (1992),
the results of the dual-frequency ranging observations in Pitzold et a. (1 992) and Bird et al.
(1994).

The goal of this study is the determination of the electron density and acceleration
profile of the solar wind in the inner corona inside an equatorial coronal hole and the
streamer belt. Densitics of the inner solar corona were inferred from white light coronagraph
observations inside 5 I (c.g., Skylab: Munro& Jackson, 1977; Guhathakurta & Holzer,

1 994; Guhathakurtact al., 1996; Spartan 201: Guhathakurta & lisher, 1995; Fisher &
Guhathakurta, 1 995). The closest in situ observations Of the density in the inner heliosphere
were made with 1elios outside 60 Jiq). Sounding the solar corona with spacecraft radio signals
during superior solar conjunction is one of the few techniques used to close the gap between
the white li.gilt and the in situ observations (e.g., Tylercet al., 1977; Muhleman& Anderson,
1981; Anderson ct a., 1987; Krisher et a., 1991; Bird e, al., 1994; Pétzold et al., 1995). A
solar wind speed profile was derived from electron densities determined during the Viking
solar conjunction (Muhleman & Anderson, 1981 ) without distinction between corona) holes
and strcamers. Spectral broadening was used to derive speeds at 1.7 Itgy (Woo, 1978) and
flow speeds of a CM1S (Woo & Armstrong, 1981). T'wo-station correlations of scintillating
spacecrafl signals have provided additional velocity estimates at these intermediate solar
distances (e.g., Armstrong & Woo, 1981).

Observations of the interplanetary scintillation (11'S) of compactl natural radio sources
can also be used to estimate the solar wind velocity (Armstrong et a., 1986; Grail et d.,
1996). The source signa is scatiered by electron density irregularities moving with thesolar
wind so that the signal intensity varies withtime and position at the Karth (e. g., Armstrong

and C oles, 1972; Coles and Kaufinan, 1978; Armstrong et al., 1986, Grail ct al., 1996).1°S



latitudinal coverage is better, because thercare many sources at various clongationsto the
ecliptic. latitudinal c.overage using occulted spacecraft signals depends on the spacecraft’s
interplanctary orbit. Significant latitudinal dependenciesin spacecraft coronal sounding data
were observed with Viking (Tyleret al., 1977; Muhleman and Anderson, 1981) and duaring the

second Ulysses conjunction in February/March 1995 (Patzold et al., 1995; Bird et al., 1996).

Coronal Sounding Observations

The nominal SCI radio system configuration was to transmit two downlinksat S-band

(2.3 GlIz) and X-band (8.4 GHz),both of which were phase coherent with the S-band uplink

at 2,1 Gllz. The “observable” is the differential group delay time A7, the delay of the S-band
ranging code relative to the X-band code. This differential group delay time is directly

proportional to the total clectron content Ny, the integrated electron density along theray

4031 |1
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where € IS the speed of light and fg and fy are the S-band and X-band carrier frequencies,

path (e.g., Birdet al., 1994):

respectively. The total electron content is defined as:

Np = [)S N(r)ds (2)

with N (»)the electron density along the ray pathat the distance » from the Sun and sis the
length of theray path from spacecraft to the Ilarth(see Figure 1)
To a rough approximation, the electron density distribution is often takento bespherically

symmetric and depending on radial dist ance according to theinverse square law:

N(r)= No- F’fo] (3)

with Ngihe clectron density at o (see also I'ig. 1). in this case theintegral (2) is simply
given by:

12 pksu R
Ny = Ng - ;é’ /0 dB = No- ]i? - 1SU (4)
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where IR =u-sin(SU) is the closest approach distatice of the radio ray path to the Sun (solar

offset). Yrom (4), it is clear that Ny~ 71,

The electron density, however, may deviate slightly from the r *law according to:

Ro1#7
N(r) = No- [f.g] (5)
which results in:
]{347 nSU
- LY, IRIES [ 3
N7 = Np T4 /0 sin"(SU 1Y+ BYdf (6)

In this casc the total electron content Np ~ I~nd this scems to be supported by many
coronal sounding observations (e.g., Muhleman & Anderson,1981; Anderson et a., 1987;
Krisher et al., 19915 Pétzold et al., 1992; Bird et al,, 1994). However, a basic assumption in all
these cases is a spherically symmetric electron density distribution according to (5) along the
entire ray path from the spacecraft to the Jsarth.

The inferred total electron content as a function of solar offset in the range 4to 40 g
fror the Ulysses 1991 solar conjunction yielded two single power laws with radial fall-off
exponents being o = —1 -- y = —1.54 -4 0.0.5 anda = -1.424-0.05 for ingress and egress,
respectively. Following (6} and (5), the clectron density in this distance range should follow a
single power law with radial exponents of — 2.54 and —2.42 for ingress and egress, respectlively
(Bird et a., 1994)

Bird et a. (1994) identified the location of the proximate points of theradio ray paths
projected onto a source surface map of the Sun. It turned out that these most significant parts
of the ray paths were embedded cither inmagnetic monopolar structures (corona] holes) or in
the dense coronal structures of the heliospheric current sheet (streamer belt). The streamer
belt crossings could be seen as deviations from the single power law of the total electron

content.

Dual-frequency Ranging Data Analysis: A Ncw Approach

A more detailed analysis of the tracking pass projections onto the source surface map and
the Mauna],0a white-light synoptic maps reveals thattheradio ray path crossed a series of

hole/streamer boundaries with their respective low/high densities (Figure 2). The hole and




streamer regions contribute differently by density and distance to the observed total electron
content.

I.et us define a coronal hole and a coronal streamer tracking pass if the proximate point of
the path to the Sun is located in a coronal hole and a coronal streamer, respectively. Tor this
study, two data sets were selected, where the proximate points of the ray paths are associated
with a corona hole or with the vicinity of theheliospheric current sheet (inside +20° relative
to the HICS).

The following assumptions were made in this study: (a) the solar wind is bimodal, the
fast, and slow wind origin ate from coronal holes and the streamer belt, respectively, (b) the
boundaries between these two solar wind types are sharp and (€) the coronal structures are
stationary for the time of the observations which were madc over one solar rotation.

Figures 3 and 4 show the general geometries for a coronal streamer and a coronal hole
tracking pass, respectively. Inbothfigures the streamer is the shaded region with boundaries
b2 and bg or bs. Furthermore, it is assumed that the radio ray prop agates both through solar
wind regions where the solar wind speed is constant (acceleration terminated) and where the
solar wind is still accelerated, the density profiles being given by (3) and (5), respectively. The
boundary of the solar wind acceleration termination of each stream can be calculated by (see
also Iig. 1)

b; = arcsin I;IIEL --- Sl111< forb; < by (7)
or by

1?
b; = 1SU - SIKU - arcsin [—];] for b; > bp (8)
i

Ligure 2

where the index ¢ = b, s stands for he fast (hole) and slow (strcamer) solar wind, respectively. f]"igure 3
L

Referring to 1g. 3 as an example, the contributions to the total clectron content in a

coronal streamer tracking pass arc:

. the integrated electron density proportionaltor” 2a](mg the ray path cmbedded in the
corona] hole from Ulysses to the point 12, along the ray path where the acceleration of
the fast stream is terminated (denoted 61). The boundary &jonthe ray path islocated

al a distance I¢ from the Sun, and was determined using (7).

[
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the integrated electron density along that part of the path embedded in the acceleration

region of the fast stream proportional tor™2- " (from b;tobsy). by also marks the

boundary from the hole into the streamer region.

the integrated clectron density along that part of the path embedded in the region of the

slow stream proportional tor‘*(from b2 to bs).

the integrated electron density along that part of the pathembedded in the acceleration
region of the slow stream proportiona to 7 277 (from b3 to by). The boundaries bsand
by on theray path arc located at a distance IZ; from the Sun, and were determined using

(7) and (8), respectively.

the integrated electron density along that part of the path embedded in the region of the
sow stream proportional to r *(from bstobs).bs aso marks the boundary fromthe

st reamer into the hole region.

theintegrated clectron density along that part of the path embeddedin the acceleration
region of the fast strecam proportional to =2 7 (from b; to bg) . The b oundarybs 011 the

ray path is located ata distance 12, from the Sun, and was determined using (8).

the integrated clectron density proportional tor 2 along the ray pathembedded in the

coronal hole from bg 1o the 1Karth.

Using the geometries in 1Yig. 1, the total clectron content is then given by:
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where (122, ;) are the heliocentric distances where the acceleration Of the fast or slow wind
terminates, (v, vs) are the deviations of the radial exponents from the r*density distribution
for the coronal holcand the corona strecamer inside the acceleration region, ant] (N, N,) arc
the electron densities at fig = 1 AU.

This (general but still simple) example describes seven different regions con-
tributing to the observed total electron content. 1n this study up to four boundaries
(streamer/hole/streamer /hole/streamer) with up to eleven different contributing regions were
used, If 18 > I8 (by > b2 or by > bg in I'ig. 3) the radio ray newer crosses the acceleration
regions of the coronal hole. Furthermore, if 12 < 12, (b2 > bg or by > bsinI'ig. 3), the ray may
never cross streamer regions with constant slow wind speed. Inthese cases some of the regions
have zero width and their respective integrals to not contribute in (9).

in order to determine the contribution of the coronalhole density to the total electron
content of a specific radio ray path whose proximate point lics inside a coronal hole, the
observed total electron content Ny must be corrected for the contribution(s) of the density
nol connected to that coronal hole, i.c., that segment of theray path inside the high density
streamer region(s). This was done by first projecting the ray path onto the the Mk3 white
light synoptic maps of the High Altitude Observatory for Carrington Flotations 1845 and 18486,
overlaying additionally the Stanford Source Surface Map from the Wilcox Solar Observatory,
and then determining the Carring ton longitudes of the boundaries between the hole and the
streamer areas (sce l“igure 2) which were assumed to be the intersections of the ray path
projections and the 100 pB lines in the Mk3 maps.

By assuming initially 72, the radia exponent v, of the clectron density in the acceleration
region of the slow solar windstream ant] a typical clectrondensity of the slow wind N at 1
AU, the integrals of the streamer regions can be solved and this estimate is subtracted from
the observed total electron content.

The radial dependence of the corrected electron content (now the electron content of



the coronal hole alone), the exponenty;, and the electron density Njat 1 AU is fitted for
various I, by using the nonlincar least-squares Marquardt method as described in Bevington
& Robinson (1992).

The above procedure is then applied to those tracking passes having the proximate point
of the ray path inthe coronal streamer regions, taking the results from the coronal hole as
first guesses.

T'his procedure was iterated untila balance was attained. %lf-consistent values were
determined for the following parameters. Nk, for the corona] hole and Ny, for the coronal
streamer. The distant.cs of acceleration termination Z¢hand 12, were varied within reasonable
ranges to examine their effects on the above fitted parameters. In summary, the clectron

density distributions arc:

] 7 Ry 2 .
Nu(R) = Ny - [-“] for It > Ity
Nu(1) e Nu- 3 []™ tor 1<,
2
Ny()= N, [1;3] for It > R,
n? e Ve
No) = No g [B]™ for 1< 12, (10)

Rcesults for the Coronal Streamer

Density Profile Iigure 5 shows the total clectron content averaged over the entire
tracking pass (typically ~8 hours duration)from al corona] S!rcamer tracking passes.The
crror bars do not indicate a statistical obscrvational error, but rather a4 o fluctuation of the
clectron content during the tracking pass due to the turbulence of the coronal medium. The
error inthe determination of the propagationdelay of the radio signals isin the order of {8 ns
corresponding to an error in electron content of 4-35 hexems, much smaller thanthe typical
fluctuation of at least, severa hundred hexems. The solid pointsin 1ig. 5 are the observed
data, the triangles represent the corrected data. It is clear that the low density coronal hole
regions do not contribute significantly to the streamer clectron content.

IFigure G shows one result of the nonlinear least-squares fit for 125 =- 80 Rg. The thick

solid line represents the electron density profile according to (5) with Ny=10.54-1.3 cm-3and

Higure 5
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v = 0.4:4- 0.2, cooresponding to aradial electron density fallofl ~»~24inside It, = 80 R . The

thin solid lines represent the Lo statistical error from the fit procedure. The density points

witherror bars were caculated from the corrected electron content of each tracking pass. Figure 6
IYigure 7 shows the results fromnthe nonlinear least squares fit for varying distances I¢,.

The value of 4, remained remarkably constant at +,== 0.4 for increasing /{5, butthe error

decreased significantly from 20070 at I2s = 40 Rg to20% at }s= 210 13g. The density N

decreases for larger 1 from Ny = 13.3 4 1.6 em**at Ili;= 40 R to Ny = 7.3 4- 1.2 cm™3

at I2,=- 210 Rg. Assuming a typical density of 10 cm 3 at 1 AU, the termination of the slow

wind acceleration should be located between 60 Rg and 90 Rg. This is in agreement with

Helios in situ observations (Schwennet al., 1981). F‘;lgure—7

1 nferred velocity profiles Mass flux conservation from theinner corona to 1 AU
requires that:
v(R) . N(IR) . A(R)=vs- Ny . Ay = constant (12)

where v(R) is the solar wind speed at solar offset distance /¢, and N (£2) varies according

to (10). The cross sectional arca A(12) of the stream tube varies proportional to 72 and
vs. Ns, Ag= const is the mass flux at 1 AU. The divergence of N(1?)fromthesimpler?law
isan indicator of the acceleration of the solar wind.Once the acceleration is terminated(at
It and IR for the corona] hole and the coronal streamer, respectively), the electron density
density varies asr‘’and v = 0. Using (1 1) and (10) it follows for the velocity v(7¢)rclativeto

the final velocity s

‘ / R R

1)_(]9, - _,,]_\_5_, . [_(9] — I:,, } (12)
Vg N(R) LR Ro

The velocity of the slow solar wind stream thus varies as r%* over the distance range

under consideration (Figure 8) out to the distance of acceleration termination Iés. Figure 8

Results for the CoronalHole

Unfortunately, the number of coronal hole tracking passes is considerably less than those
of the corona] streamer passecs (Iigure 9). Only four passes close to the Sun between d and 8

I, and seven passes between 3.5 and 43 Ieg,. were found to be useful. Repeating the analysis
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of the previous section for coronal streamer passes, the solid pointsinlig. 9 represent the
total clectron content measurements avcraged over the tracking pass. The triangles denote
the electron content corrected for the average coronal strcamer contributions. Even if the
proximate point of the ray path is located in a coronal hole, the contributions from the coronal
strecamer regions dominate the total electron content. in order to derive a density profileina
corona hole, it is absolutely necessary to correct the data for the streamer contributions.
Iigure 10 shows the electron density profile (thick solid line) for 72, = 15 Rg), for which
Np==4.3:1 29 em™2 and 4, = 1.944-0.01. This corresponds to a radial electron density falloff
exponent of —3.9 inside /2hand —2.0 outside It Unfortunately, the data yield large errors in
Ny and a decrease in vy, for an increase of 12, from 10 to 30 Rg (sce Fig. 11). Taking typical
Valuesof 3 cm**for a fast wind density at 1 AU (Phillipset a., 1995), I¢a should bein the
range 10-20 Rg. This isin agreement with recent 1PS observations of a polar coronal hole

indicating the terminationof the fast solar wind acceleration a 10 Rg (Grail et a., 1996).

Discussion

A comparison with the Spartan 201 electron density observations in polar coronal holes
(Iisher & Guthartakurta, 1995) shows that the inferred clectron densities from this study arc
too high for coronal hole densities. A close up of the total electron content is shown in Itig. 12,
Iach ranging point from the coronal hole tracking passes on 1)0Y 245 to 248 (32 to 43 i)
is plotted. Thetotal electron content follows a “zig-zag” pattern, which has been interpreted
by Woo (1996)as the signatures of corona plumes similar to those seenin polar coronal holes
in white light data (Fisher & Guthatakurta, 1995), but now extending further outinto the
coronanear equatorial latitudes.

Since the distance of the fast wind acceleration termination /¢x is surely inside 30 Rg), the
radial density profile should vary proportionally tor * outside 2, and the density Ny, at 1 AU
canbe calculated from the corrected electron content data inthe distance range 34 to 44 Rg.
These calculated densities arc plotted in Fig. 13.

The large-sc.ac variations in the electron content (approximately 500 hexems over 1.5

(Figure 8

[Figure 1

[Pigure 1
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days) cannot be eliminated by subtracting only anaverage contribution from the streamer
regions. ‘I’his leads to the relatively large average corona] hole columndensities and,
consequently, the large variations in Nj, shown in ¥ig. 13. 11 the low-latitude coronal plume
interpretation of Woo (1996) is correct, the densities in these structures are comparable to the
densities in coronal streamers. Assuming that the lowest densitiesin 1'ig.10 represent typical
hole densities at about 30-40 Rgand comparing these densities with the inferred densities in a
corona streamer for the same distance (Figure 6), the strcalncr-to-hole density ratio is found
to be a factor of ten, which is in agrecement with the Spartan-201 results (Guhathakurta &
Fisher, 1995). Figure 1
The conclusion drawn from this study is that all electron density profiles inferred from
coronalradio sounding, particularly during times of high solar activity, arc dominated by
coronal streamer contributions. The radial density profiles are thus more applicable to
coronal streamers, confined to alimited latitude range about the IHCS, and arc not generally
representative of a large-scale mean coronal electron density profile. One notable exception to
this was the Ulysses solar conjunction of 1995, when the apparent track of the spacecraft inthe
planc of the sky crossed al heliographic latitudes over anarrow range of heliocentric distances.
Ior this unique case a definite distinction between coronal holes and coronal streamers could

be drawn (Pitzold et a., 1995; Bird et al., 1996).
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Figure Captions
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Figure 1. Conjunclion gcometry for coronal radio sounding. The two heliocentric radius
vectors € (Sun-Farth) and @ (Sun-Ulysses) and the radio ray path §from Ulysses (ULS) to the
Farth (©) lic in the so-called radio sounding plane, which dots not necessarily coincide with
the ecliptic plane or the solar equator. The vector J¢ is the radius vector to the proximate point

of the radio ray pathtotheSun. N(») is the electron density along the ray path at a distance

7 from the Sun. The angle between this vector # and the vector @ is 3.
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Figure 2. Contour plot of the polarized brightness (pI3)in whitelight using synoptic observa-
tions from the Mk3 coronagraph of the High Altitude Observatory on Mauna l.oa, Hawaii, for
Barrington rotations 1845 and 1816. Overlayed is the trace of the heliospheric current sheet
(thick solid line), as inferred from potential field calculations (source surface maps) using syn-
optic observations from the Wilcox Solar Observatory. Some examples of radio ray paths from

Ulvsses o the Barth are projected on these maps.
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Figure 3. Conjunction geometry of a coronalstreamer tracking pass. The proximate point
of the radio ray path 12 is located in a coronal strea mer (gray area) with hole/streamer and
streamer/hole boundary angles b2 and b, respectively. The positions of Ulysses (UL.S)and
the arth® are located in a corona hole. The boundary angles by, bg and bs, by reflect the
positions ou the ray path where the solar wind acceleration of the fast wind and the slow wind,

respectively, is terminated.
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Tigure 4. Conjunction geometry of a coronalhole tracking pass with the proximate point of

the ray path 12 located in a coronal hole.
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Jigure 5. Total electron content measurements (solid points) in all coronal streamer tracking
passes as afunction of the closest approachdistance of the proximate point of the ray path to
the sun. The electron content corrected for the coronal hole contributions along the ray path
iS represented by triangles. The error bars represent the-t o fluctuation of the clectron content
dueto the turbulent solar wind medium and does not represent a statistical observational error.
The single power law dependence of the observed electron content found by Bird et a. (1 994)

isshown for comparison.
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Figure G. Inferred electron densitics from the nonlincar least-squams fit for 12, = 801¢g. The
thick solid lincis the density profile of thefit parameters Ny= 10.5:-1.3 cm™3 and 7y, =- 0.44 0.2,
The two thin solid linesarcthedo error of the profile. A s = 0.4 corresponds to a radial fallofl

exponent for the density profile of —2.4. T'he points with error bars are the talc.ulatcd electron

densities from the corrected clectron content of each tracking pass.
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Figure 7. Nonlinear fit results v, (upper panel) and N, (lower panel) for various I2;. Typical

density values of 10 ¢cm‘“observedatl AU in slow solar wind streams suggest a range for 12

between 60 Rg and 90 Rg.
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Figure 8. Slow solar wind sped as inferred from the streamer electron density profile assuming

mass flux conservation.
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Figure 9. Total clectron content measurements in coronal hole tracking passes as a funclion
of the closest approach distance of the proximate point of the ray path to the Sun. livery tenth
ranging point of the tracking passes,rather than a value averaged over the tracking pass, is
shown as a solid point. The clectron content corrected for the coronal hole contributions along
theray path is represented by triangles. The error barsrepresent the o fluctuation of the
elect ron content duc to the turbulent solar wind medium. Thesingle power law dependence of

the observed clectron content foundby Birdet al. (1 994) is shown for comparison.
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Figure 10. Inferred electron densitics from the nonlinear least squares fit for /¢, = 151t~i.

The thick solid line is the density profile of the fit parameters Ny = 4.3 4 2.9 cm™® and

4 = 1.944: 0.01. Thetwo thin solid lines arethe:to errors of the profile. A v,

corresponds to a radial fall-oil exponent for the density profile of -3.94.

1.94

The points with error

bars are the talc.ulatxxl electron densities {rom the corrected electron content of each tracking

pass.
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Figure 11, Results from the nonlinear least-squam fit parametersy, ant] Njina coronal

hole for various 1¢),.
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Total electron content measurements onDOY 245 to 248. The data follow a

“zig-zag” pattern duceither 1O fluctuations and events in the streamer regions which dominate

the contributions to the total glectron content or prerhaps to low-latitude ¢oronal plumes (Woo,

1996).
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Figure 13. Blectron densitiesat 1 AU calculated from the corrected coronal hole clectron
content data in the distance range 33 to 44 I, 'Phe density varies from typical fast wind

densities of 3 em~3 10 much higher values near 10 cm™3.




